In this review, we describe the investigation of a ruthenium [Ru(II)] complex-based, AC voltage-driven, electrochemiluminescent (ECL) device first. The ECL turn-on response time and intensity were dramatically improved by introducing the AC method. The turn-on response time was speeded up by increasing the applied frequency: 4 ms response time was achieved at 200 Hz, which was much faster than when using the DC method (1.5 s). We also introduced rutile-type titanium dioxide nanoparticles (TiO 2 NPs) in a Ru(II) complex-based AC-ECL device. The ECL intensity and the lifetimes of the ECL device with TiO 2 NPs were greatly improved compared to those of the device without nanoparticles. Then we tried to improve photoelectrochemical properties of the Ru(II) complex by combining it with DNA molecules. We fabricated a novel DNA/Ru(bpy) 3 2+ hybrid film that could immobilize the ECL-active Ru(bpy) 3 2+ onto the electrode surface through electrophoretic migration. The hybrid film contained unique micrometer-scale aggregates of Ru(bpy) 3 2+ in the DNA matrix. Surprisingly, by using the DNA/Ru(bpy) 3 2+ hybrid film for the ECL device, luminescence could be obtained at frequencies as high as 10 kHz, which corresponds to a response time shorter than 100 μs.
Introduction

Photoelectrochemical functionality of Ru(II) complexes
Ruthenium complexes are among the most extensively investigated transition-metal complexes from a photoelectrochemical viewpoint. Their unique combination of chemical stability, redox properties, excited state reactivity, luminescence emission, and excited state lifetime has attracted the attention of many researchers [1] [2] [3] [4] [5] [6] . In particular, Ru(II) polypyridine complexes, typified by Ru(bpy) 3 2+ (bpy = 2,2′-bipyridine), continue to play a key role in stimulating the development of several branches of chemistry, including photochemistry, photophysics, photocatalysis, electrochemistry, photoelectrochemistry, chemiluminescence/electrochemiluminescence (ECL) [7] [8] [9] [10] [11] , and electron and energy transfer.
Electrochemiluminescence of Ru(II) complexes
ECL is a light-emitting phenomenon whereby species that are electrochemically generated at the anode and cathode undergo electron-transfer reactions to form excited states that emit light [12] [13] [14] . The emission of light can be induced by the application of a bias voltage to an electrolyte solution containing ECL materials. This process can be used to detect the emitting molecules at less than nanomolar concentrations. Therefore, ECL has analytical applications in the detection of some important biological molecules, such as proteins, antibodies, and DNA [15] . The first detailed ECL study was reported in the mid-1960s [16, 17] , and today ECL is used as a highly sensitive and selective analytical method for many analytes. Ru(bpy) 3 2+ has been widely used as an ECL material since it was first reported in 1972 [18] . It is frequently used in co-reactant ECL systems with tripropylamine (TPrA) [19] and the oxalate molecule [20] in the analytical field [21] . However, this mini-review focuses on its use to generate annihilation ECL. In an annihilation ECL system, Ru(bpy) 3 2+ and its redox species, such as its reduced form Ru(bpy) 3 1+ and its oxidized form Ru(bpy) 3
3+
, show relatively high electrochemical stability and high ECL efficiency. Therefore, many researchers have investigated the mechanism of ECL in Ru(bpy) 3 2+ in detail. Ru(bpy) 3 2+ generates ECL by the annihilation of its oxidized and reduced forms, as shown below: 2 1 3 3 Ru(bpy) e Ru(bpy) ,
Ru(bpy) e Ru(bpy) ,
Ru(bpy) Ru(bpy) *Ru(bpy) Ru(bpy) , 
The oxidized and reduced states of Ru(bpy) 3 2+ are electrochemically generated at the anode and the cathode, respectively, and collide with each other to generate the excited state of Ru(bpy) 3 2+ , which subsequently produces the luminescence.
In a sandwich cell operated with DC (direct current) voltage, annihilation ECL is caused by the reduced and oxidized species generated at the cathode and anode, respectively. The redox species diffuse away from the electrodes because of the concentration gradient. The oxidized and reduced species meet at the center of the cell and undergo an electron-transfer reaction by which one of them generates the excited state ( Figure 1 ).
Interaction between DNA chains and photofunctional materials
In recent years, biopolymer-based materials have attracted a great deal of attention for possible applications in photonic and electronic materials because of their highly ordered structures and unique properties. In particular, DNA has unique features that allow it to incorporate various kinds of functional materials, such as organic dyes [22] [23] [24] , metal complexes [25, 26] or conductive polymers [27] [28] [29] .
The DNA molecule possesses unique features that enable it to form functional complexes with other materials through three general interactions: (i) its polyelectrolyte nature, which enables electrostatic interactions; (ii) its selective affinity for small molecules via intercalation; (iii) the binding of specific molecules into its grooves. The electrostatic properties of DNA as a highly charged polyelectrolyte are important to the formation of functional complexes and have been widely exploited in various DNA-based applications. The backbones of the double helix chains of DNA contain negatively charged phosphate groups in a regular arrangement. Therefore, DNA is an ideal template for the fabrication of highly ordered nanostructures via the binding of cationic agents such as metal ions, cationic surfactants, and polycationic agents [30] . The second feature of DNA is its ability to selectively incorporate small molecules. The most common DNA structure is the B type, in which the stacked bases are regularly spaced at 0.34 nm intervals. Some small planar molecules can intercalate into the spaces between the stacked bases; however, intercalation interactions are highly selective in terms of the structure of the small molecules [31] . The third feature of DNA is its groove-binding ability. The helical structure of DNA consists of a wide major groove and a narrow minor groove of approximately the same depth, which enable the binding of specific small or large molecules into the grooves between the two backbones [32] . Because of these unique features, the macromolecule DNA has been utilized in the creation of novel functional materials, such as optical amplifiers [33] , transistors [34] [35] [36] and biosensors [37] . These devices have demonstrated performance exceeding that of state-of-the-art devices made with currently available organic materials. Among the many DNA-based functional materials, we have chosen to focus on DNA/Ru(II) complexes because of their characteristic optical and electronic properties [38, 39] . We have previously reported DNA-based organic light-emitting diodes (OLEDs) [40, 41] in which a Ru(II) complex functioned as both a carrier-transporting material and a luminescent material.
Improvement of ruthenium(II)
complex-based ECL
Changing the driving mode of the ECL devices from DC to AC
As described in the introduction, Ru(II) complexes have great appeal as ECL materials. Like the majority of reported ECL devices, most previously reported Ru(II) complexes have been driven using DC. In such devices, there is a long delay (approximately 1 s) between the time the applied voltage is switched on and the observation of emission from the cell [42] . This is because the emission is derived from the collision of cation radicals and anion radicals generated at the cathode and anode, respectively. As described above, the radicals generated at each electrode must move toward the other electrode to meet at the center of the electrolyte layer. The collision between the anion and cation radicals generates excited-state and ground-state emissive species, and the emission is observed from the excited state. The delay in the generation of the excited state of the emissive species is due to the slow diffusion of the radical species in the emitting solution.
We reported the use of alternating current (AC)-driven ECL to improve the slow turn-on response. A fast response (approximately 10 ms) was achieved by applying an AC voltage at 50 Hz [43] . In this section, we introduce our reported frequency dependence of the response time and the efficiency of the emission, and provide a detailed mechanism for AC-driven ECL.
To prepare the ECL-emitting solution, 10 mm Ru(bpy) 3 (PF 6 ) 2 and 100 mm tetrabutylammonium perchlorate (TBAP) were dissolved in propylene carbonate (PC). The ECL device was prepared by placing the solution between a pair of indium tin oxide (ITO) electrodes, with an interelectrode distance of 70 μm maintained using a spacer. The emission area of the ECL device was 1.5 × 1.5 cm 2 . The ECL spectra obtained from the device under the application of 4 V DC or 4 V AC at 50 Hz are shown in Figure 2 . Both ECL devices emitted orange luminescence. The ECL bands exhibited an emission maximum at 620 nm and were almost identical to the photoluminescence (PL) bands of the Ru(bpy) 3 2+ complexes, indicating that the light was emitted from the Ru(bpy) 3 2+ complexes in the solution. On examining the emission spectra in greater detail, the emission peak was found to have red-shifted from 610 nm in the PL spectrum to 620 nm in the ECL spectrum in solution, and the ECL spectrum was observed to be slightly broader than the PL spectrum. This was probably due to the electronic interactions between the Ru(bpy) 3 2+ complexes during the collision of the radical molecules. The observed luminance of the AC-driven ECL device (AC-ECLD) and the DC-driven ECL device (DC-ECLD) were ~45.6 and 1.43 cd m −2 , respectively. Despite using the same voltage and same concentration of Ru(bpy) 3 2+ complexes, the ECL intensity of the AC-ECLD was dramatically improved compared to that of the DC-ECLD.
We also measured the turn-on response time of the AC-ECLD (4 V, 50 Hz) and DC-ECLD (4 V). As can be seen in Figure 3A , the maximum emission was observed within 15 ms of the application of the AC bias voltage in the AC-ECLD. In contrast, the DC-ECLD device began to emit light ~0.5 s after the DC bias voltage was switched on ( Figure 3B) , and required over 1 s (~1.5 s) to reach maximum emission. This indicates that the turn-on response of the AC-ECLD was 100 times faster than that of the DC-ECLD.
In order to explain the higher maximum emission intensity and the faster response of the AC-ECLD, the emission mechanism was reconsidered. The emission mechanism of ECL from Ru(bpy) 3 2+ is believed to obey the reaction scheme described in the introduction. That is, the oxidized and reduced forms of the Ru(bpy) 3 2+ complexes, which are electrochemically produced at the anode and the cathode, respectively, collide with each other to generate the excited state of the Ru(bpy) 3 2+ complex, which subsequently emits light.
In order to evaluate the turn-on response time quantitatively, the effect of the applied frequency on the response time of the device was studied. The response time was defined as the delay between switching on the AC voltage at the first AC cycle and the emission of light. The results are plotted as a function of frequency in Figure 4 . As can be seen in Figure 4 , the response became faster as the frequency increased. A response time of ~4 ms was achieved at a frequency of 200 Hz. This response time satisfies the requirements for practical video displays. As mentioned above, collision between the oxidized and reduced complexes is required for the emission of light in the present ECLD. Therefore, at least half the period of a given frequency is required in order for both the oxidized and reduced species to be present near the same electrode. The half-period of the frequency is also plotted in Figure 4 as open triangles. A deviation in the turn-on response time trend is observed in the initial 2-3 ms, during which the turn-on time was not strongly dependent on the frequency. This deviation was possibly due to the charging process of the electric double layer (EDL) generated at the electrodes. These results indicate that AC-ECLD can achieve a very fast turn-on response of less than 10 ms, which is comparable to that of practical TV displays.
Increase in ECL lifetime with the addition of TiO 2 nanoparticles
By introducing the AC operation method, the ECL characteristics (responsivity and ECL intensity) of Ru(II) complexes were greatly improved. In particular, the turn-on response was greatly improved by introducing the AC-driven procedure. However, the device lifetime of the Ru(II) complex was still not satisfactory for practical use. To improve the lifetime of the ECL devices, the concentration of the reduced species must exactly match the concentration of the oxidized species [44, 45] . We then investigated the balance between electrochemically reduced and oxidized species in the ECL device. Furthermore, we improved the redox balance and ECL lifetime by introducing metal oxide nanoparticles (NPs) [46] . First, to understand the degradation mechanism of the Ru(bpy) 3 
2+
-based ECL device, we estimated the stability of the reduced and oxidized species of Ru(bpy) 3 2+ through rotating ring-disk electrode (RRDE) measurements. Figure 5 shows the current versus potential curves of the Ru(bpy) 3 2+ complex-based ECL solution obtained using the RRDE method at various rotation frequencies. Reprinted with permission from Ref. [43] . Copyright (2010) The Royal Society of Chemistry. . Reprinted with permission from Ref. [46] . Copyright (2016) The Royal Society of Chemistry.
When the disk electrode potential was linearly swept in the anodic direction with the application of a 0 V potential to the ring electrode, Ru(bpy) 3 3+ was detected as the oxidized species in the form of the reverse reaction current at the ring electrode under a potential more negative than its oxidative potential at the disk electrode. The collection efficiency (N), which can be used to discuss the stability of redox species, is determined using the expression N = | i ring | / | i disk |. The collection efficiency of the oxidized species, N ox , which was normalized by the theoretical efficiency, was found to be 98.7% at a rotation speed of 1000 rpm. In contrast, the collection efficiency of the reduced species, N red , was lower than that of the oxidized species at all rotation frequencies, as shown in Table 1 . At a rotation speed of 1000 rpm, the ratio was only 78.8%, indicating that the reduced species of Ru(bpy) 3 2+ was less stable than its oxidized counterpart. The lower stability of the reduced species relative to the oxidized species indicated that an excess of the residual oxidized species would be accumulated near the electrodes during the continuous polarity-switching of the applied AC. This loss of redox balance in the Ru(bpy) 3 
-based AC-ECL would decrease the long-term stability of the device.
Therefore, ECL can be improved by suppressing the formation of excess oxidized species. In order to improve the lifetime of the Ru(II) complex-based ECL, we introduced TiO 2 nanoparticles, which are known to act as electron acceptors, into the ECL device. To prepare the ECL solution, Ru(bpy) 3 (PF 6 ) 2 (10 mmol l −1 ) and TBAP (100 mmol l −1 ) were dissolved in PC. Subsequently, 30 wt% of rutile-type TiO 2 NPs was added. The ECL devices were fabricated by sandwiching the ECL solution between pairs of ITO electrodes, with an interelectrode distance of 300 μm maintained by silicone spacers. The effective electrode area of the ECL devices was 1.0 × 1.0 cm 2 . The ECL devices were fabricated in a glove box under Ar atmosphere.
We first investigated the change in the ECL intensity and the long-term stability of the ECL device after the addition of TiO 2 NPs to the Ru(bpy) 3
-based ECL solution.
The ECL spectra of the Ru(bpy) 3 
-based ECL device under an applied AC voltage of ±3 V at 50 Hz are shown in Figure 6 .
The orange ECL band with an emission peak at ~620 nm was almost identical to the PL peak of Ru(bpy) 3 2+ [47, 48] . These results clearly indicate the generation of AC-ECL from Ru(bpy) 3 2+ in these devices. With the addition of TiO 2 NPs to the solution, the emission luminescence of the ECL device increased to 165 cd m −2 , which was 1.4 times higher than that of the device without TiO 2 NPs (120 cd m −2 ). The time dependence of the ECL intensity of the ECL devices under an applied AC voltage of ±3 V at 50 Hz is shown in Figure 7 . Without the TiO 2 NPs, the half-life of the ECL device was ~250 s, while that of the ECL device with the TiO 2 NPs was extended by a factor of 4 to ~1000 s. Normalized ECL intensity at 620 nm Thus, the ECL intensity and long-term stability of the device were greatly improved by the addition of TiO 2 NPs to the Ru(bpy) 3
-based ECL solution. Based on detailed electrochemical measurements, it was suggested that electron transfer between Ru(bpy) 3 2+ and TiO 2 NPs played an important role in increasing the ECL lifetime. The possible electron-transfer mechanisms are shown in Figure 8 , in which electrons are transferred from the reduced species of Ru(bpy) 3 2+ to the TiO 2 NPs and, subsequently, from the TiO 2 NPs to the oxidized species of Ru(bpy) 3 2+ . This electron transfer was thought to improve the balance between the redox reactions in the ECL device, leading to long-term stability.
3 Emission enhancement by interaction between Ru(II) complexes and DNA 3.1 DNA/Ru(bpy) 3
As mentioned in the introduction, DNA is known to have the ability to incorporate various functional materials in its structure, leading to the addition or improvement of functionalities such as luminescence and electrical properties [31, 32] . In particular, many studies have been conducted on the interaction between DNA and Ru(bpy) 3 2+ , which is an optoelectronic functional metal complex [49, 50] .
We introduce the interaction between DNA and Ru(bpy) 3 2+ and the molecular structure of the DNA/ Ru(bpy) 3 2+ complex. The concentration of DNA was defined as the concentration of the phosphate groups. In general, cationic Ru(bpy) 3 2+ is thought to associate with the anionic DNA through electrostatic interactions [51] [52] [53] . The emission intensity and lifetime increased with the DNA concentration, as shown in Figure 9 . The intensity of the emission from excited Ru(bpy) 3 2+ at ~600 nm initially increased with the DNA concentration, and then plateaued at a constant intensity above a DNA/Ru(bpy) 3 2+ molar ratio of 10:1 ( Figure 10 ).
The saturation of the emission intensity at a DNA/ Ru(bpy) 3 2+ molar ratio of 10:1 indicated that five base pairs (on average) of DNA could bind each Ru(bpy) 3 2+ to form DNA/Ru(bpy) 3 2+ in a solution containing 0.1 mm Ru(bpy) 3 2+ . The increase in emission intensity was due to the decrease in nonemissive transitions as a result of the interaction between DNA and Ru(bpy) 3 2+ . That is, the diffusional movements and intramolecular motion of Ru(bpy) 3 2+ were restricted by its association with macromolecular DNA. : DNA concentration dependence of the emission intensity at ~600 nm from excited Ru(bpy) 3 2+ in a DNA/Ru(bpy) 3 2+ complex solution containing 0.1 mm of Ru(bpy) 3 2+ . Reprinted with permission from Ref. [53] . Copyright (2017) Springer.
DNA/Ru(phen) 3
2+
Organization of DNA and chiral luminescent metal complexes has attracted much attention for many years. Chiral luminescent complexes are known to show chiral optical properties such as circular dichroism (CD) and circularly polarized luminescence (CPL) as a result of the structural chirality of the complex [54, 55] . Therefore, the DNA/chiral material complexes formed through the association of the chiral materials with DNA, which possesses the wellknown double-helical chiral structure [56] , were expected to exhibit unique chiral optical properties.
Among them, the interaction between chiral Δ-or Λ-Ru(phen) 3 2+ and DNA is expected to be applied to DNA chiral sensors and new functional materials [57, 58] . It is known that enantioselective emission change could be achieved by the interaction of DNA and chiral Ru(phen) 3 2+ [59] . We also analyzed the interaction form of DNA/chiral Ru(phen) 3 2+ from the viewpoint of the change of optical properties [60] . As well as the luminescence property of Ru(bpy) 3 
, those of the chiral Ru(II) complexes [Δ-/Λ-Ru(phen) 3 2+ ] are expected to improve through interaction with DNA.
We first prepared aqueous solutions of Δ-or Λ-Ru(phen) 3 2+ and DNA (purified from salmon testes) in various molar ratios. The overall concentration of DNA was determined as the phosphate concentration. In the absence of DNA ([DNA]:[Ru(phen) 3 
] = 0:1), the luminescence bands of Δ-and Λ-Ru(phen) 3 2+ showed similar shapes and intensities ( Figure 11 ). As the proportion of DNA was increased, the luminescence intensities for both Δ-and Λ-Ru(phen) 3 2+ increased without significant change in their spectral shapes. This emission enhancement was a result of the immobilization of the Ru(phen) 3 2+ through its interaction with DNA, as the immobilization of luminescent molecules suppresses the emission quenching caused by molecular vibration and vibration excitation of matrices [61] [62] [63] .
Interestingly, the Δ and Λ isomers exhibited different degrees of emission enhancement. The inset in Figure 11 shows the changes in the emission intensities of Δ-and Λ-Ru(phen) 3 2+ as a function of the [DNA]/[Ru(phen) 3 2+ ] ratio. The luminescence enhancement of the Δ form [3.1 times larger than that of free Δ-Ru(phen) 3 2+ ] was found to be greater than that of the Λ form [2.4 times larger than that of free Λ-Ru(phen) 3 2+ ]. Therefore, enantioselectivity was observed in the enhancement of the luminescence of Ru(phen) 3 2+ through interaction with DNA. This enantioselective property suggested that Δ-and Λ-Ru(phen) 3 2+ interacted differently with DNA.
In order to investigate these binding modes, the absorption and CD spectra of mixed solutions of DNA/ Δ-Ru(phen) 3 2+ and DNA/Λ-Ru(phen) 3
, as well as of separate solutions of DNA, Δ-Ru(phen) 3 2+ , and Λ-Ru(phen) 3 
, were obtained ( Figure 12 ). The absorbance of the MLCT (metal-to-ligand charge-transfer) band in the absorbance spectra of the mixed solutions containing DNA was found to be decreased compared those of the Ru(phen) 3 2+ complexes alone. These behaviors suggested that Δ-and Λ-Ru(phen) 3 2+ likely intercalated between the base pairs in the DNA chains [64] [65] [66] . In the CD measurements, symmetric CD signals with exciton-splitting-type Cotton effects were observed for both the Δ-and Λ-Ru(phen) 3 2+ solutions. Upon association with DNA, the CD signals of both the positive (at 420 nm) and negative (at 470 nm) bands were reduced for DNA/Δ-Ru(phen) 3 2+ , whereas the longer wavelength band increased in the DNA/Λ-Ru(phen) 3 2+ spectrum. These results suggest that the Δ-and Λ-Ru(phen) 3 2+ complexes undergo structural and/or electronic changes upon DNA association. The binding modes between DNA and Ru(phen) 3 2+ were different for the two enantiomers, as indicated by the different changes in their CD spectra. Table 2 shows the luminescence lifetimes of Ru(phen) 3 2+ , DNA/Ru(phen) 3 2+ , and DNA/Ru(phen) 3 2+ in the presence of excess Na + ions. In the free Ru(phen) 3 2+ solution, the luminescence lifetimes of both the Δ and Λ forms were ~590 ns and showed only a single component. increased. This increase was attributed to the suppression of vibrational quenching of the excited state of Ru(phen) 3 2+ due to its immobilization on DNA. The lifetimes of the DNA/ Ru(phen) 3 2+ complexes consisted of two components with lifetimes of 1500-1600 and 700-800 ns. The appearance of two separate emission lifetimes clearly suggested that DNA and Ru(phen) 3 2+ had two different binding modes. Based on the changes in their various optical properties, intercalation and the electrostatic interaction were thought to be the major binding modes between DNA and Ru(phen) 3 
. In order to clarify the relationships between the binding modes and the lifetime components, electrostatic inter action was excluded with the addition of an excess of Na + ions to the DNA/Ru(phen) 3 2+ aqueous solution. By the addition of excess Na + ion into the DNA/[cationic Ru(II) complex] solutions, near-quantitative disassociation of the Ru(II) complexes from DNA occurs because of cation exchange with Na + [67, 68] . For the free Δ-and Λ-Ru(phen) 3 2+ solutions, the emission lifetime did not show any changes even after the addition of excess Na + ions. In the case of the DNA/Ru(phen) 3 2+ complex, the components of longer lifetimes (Δ: 1620 ns, Λ: 1520 ns) remained very similar, but the shorter lifetime components (Δ: 826 ns, Λ: 734 ns) decreased to the lifetimes of free Ru(phen) 3 2+ (~600 ns). Based on the changes in the luminescence lifetimes, it was hypothesized that the longer lifetime components originated from the intercalation of Ru(phen) 3 2+ into DNA. The shorter lifetime components were classified as due to electrostatic interactions. We then estimated the percentage contribution of each lifetime component to the total emission. The intercalation of Ru(phen) 3 2+ was found to account for ~90% for the Δ isomer and 70% for the Λ isomer. These experiments showed that Δ-Ru(phen) 3 2+ tends to intercalate into DNA more effectively than the Λ enantiomer, leading to the enantioselective emission enhancement shown in Figure 11 . The enantioselectivity of the interaction between Ru(phen) 3 2+ and DNA was previously investigated using NMR measurements and molecular modeling [57] [58] [59] . According to the literature, the interaction of Δ-Ru(phen) 3 2+ with DNA produces only minor distortions in the DNA structure, whereas the Λ enantiomer causes greater distortion of the DNA structure upon complexation as a result of steric considerations. This enantioselective affinity would be expected to affect the luminescent properties of the complexes, such as their luminescence intensities and lifetimes. This enantioselective luminescence enhancement could also be useful for applications involving photoelectro-functional devices, such as chiral sensors and ECL devices.
Ultrafast-responsive electrochemiluminescence from DNA/ Ru(II) complex hybrid electrode
The optical properties of Ru(II) complexes can be improved through interactions with DNA as mentioned above. Application of improved optical properties of the DNA/Ru(II) complexes for ECL devices are expected to enhance the ECL properties. However, the DNA/Ru(II) complexes will be difficult to be utilized for ECL devices because the complexes are soluble only in water. Aqueous solutions of the DNA/Ru(II) complexes cannot be used in , DNA, and DNA/Δ-, Λ-Ru(phen) 3 2+ solutions. The concentration of Ru(phen) 3 2+ was set to 0.10 mm and the optical path length was 1.0 cm. Reprinted with permission from Ref. [60] . Copyright (2018) SPIE. ECL devices because of the low electrochemical stability of the aqueous medium. Therefore, we attempted to the utilize the DNA/Ru(II) complex in the film state for the fabrication of an ECL device [69] . First, a native DNA film (thickness: 0.5 μm) was prepared by casting the DNA solution on an ITO electrode. Then, Ru(bpy) 3 2+ was introduced by placing the film in a Ru(bpy) 3 No supporting electrolyte was used in the solution during this step. Therefore, Ru(bpy) 3 2+ was likely transported by migration and incorporated into the DNA film through electrostatic interactions. The ECL device was prepared by placing a PC solution containing TBAP (100 mm) between a pair of DNA/Ru(bpy) 3 2+ hybrid film-modified electrodes placed 75 μm apart.
As shown in Figure 13A -C, the film consisted of flat regions and embedded micro-aggregates. The fluorescence micrograph of the hybrid film ( Figure 13B ) indicated that Ru(bpy) 3 2+ was distributed throughout the film. However, when an AC voltage was applied, ECL emission was observed only from the aggregates ( Figure 13C ). Therefore, the flat and aggregated areas have different electrochemical responses. Based on the optical microscopy images of the DNA/Ru(bpy) 3 2+ film, this micro-aggregate array structure self-assembled during the drying process of the DNA film. The mechanism of the formation of this specific mesoscopic-scale array of aggregations is not clear at present. However, such structures are not found in other polyanion films such as Nafion, Flemion, or polystyrene sulfonate.
We measured the microscopic Fourier transform infrared spectroscopy (FT-IR) spectra of Ru(bpy) 3 Cl 2 , pure DNA, and the flat and aggregated regions of the hybrid film to analyze the membrane structure in detail. In Figure 14 , the peaks at 1085 and 1224 cm −1 observed for both the flat and aggregated regions of the DNA/Ru(bpy) 3 2+ hybrid film were assigned to the asymmetric and symmetric stretching vibrations of PO 2 − . These peaks were blue-shifted, indicating that Ru(bpy) 3 2+ interacts electrostatically with the anionic phosphate group. The intensities of the absorptions at 1420-1463 and 1605 cm −1 , which were assigned to Ru(bpy) 3 2+ , were higher for the aggregated regions than for the flat regions. Further, the absorption peaks due to the phosphate groups were also observed in the aggregated regions. These spectral features indicate that the aggregated regions in the film consisted of both Ru(bpy) 3 2+ and DNA and that their Ru(bpy) 3 2+ content was greater than that of the flat regions.
The cross-sectional scanning electron microscopy (SEM) image of DNA/Ru(bpy) 3 2+ hybrid film at low magnification ( Figure 15A ) also showed the existence of flat and aggregated regions; the thickness of the latter was approximately 5 μm. Under higher magnification ( Figure 15B ), the thickness of the flat region was found to be ~1 μm.
Subsequently, an AC-driven ECL device was fabricated by sandwiching the electrolyte solution between a pair of hybrid-film-modified ITO electrodes. For reference, another solution-based ECL device was fabricated by placing a PC solution containing Ru(bpy) 3 2+ and TBAP between a pair of bare ITO electrodes. When an AC voltage of ±4.0 V was applied at a known frequency, an orange-colored ECL emission with a peak wavelength at 620 nm was observed from both devices (Figure 16, inset) . Figure 16 shows the frequency dependence of the normalized ECL intensities under a ±4 V rectangular voltage. ECL was observed only from the solution-based device at frequencies below 500 Hz. On the other hand, in the DNA/ Ru(bpy) 3 2+ hybrid-film-based device, ECL was surprisingly observed at frequencies as high as 10 kHz.
Next, the transient ECL intensity and current response of the devices were investigated in order to understand the origin of the rapid ECL response (Figure 17 ). Generally, when a bias voltage is applied to an electrochemical device, an EDL forms, inducing the electrochemical redox reaction. In the solution-based conventional electrochemical device with an electrode area of 25 mm 2 , the experimentally measured EDL charging time was ~1 ms (since ECL was obtained only at frequencies below 500 Hz). At 10 kHz, the corresponding half-cycle time (50 μs) was too short to allow complete charging of the EDL in this device. In contrast, based on its measured current response, the EDL in the DNA/Ru(bpy) 3 2+ hybridfilm-based ECL device could be completely charged within 10 μs. Such quick charging of the EDL allows the redox reactions of Ru(bpy) 3 2+ in the film to occur during the subsequent AC cycle. The continuous rectangular AC wave caused Ru(bpy) 3 3+ and Ru(bpy) 3 + to collide with each other to form the excited state of Ru(bpy) 3 2+ , thereby generating the ECL. The quick charging of the EDL film A B Figure 15 : Cross-sectional SEM images of a DNA/Ru(bpy) 3 2+ hybrid film at (A) low and (B) high magnification. Reprinted with permission from Ref. [69] . Copyright (2017) Springer Nature. is thought to be key to the fast ECL response (less than 100 μs) in the DNA/Ru(bpy) 3 2+ hybrid film device. As discussed above, the ECL emission was produced only from the aggregated regions of the DNA/Ru(bpy) 3 2+ hybrid film, which possibly act as microelectrodes to allow the quick charging of the EDL.
Summary and outlook
In this review, Ru(II) complex-based AC-ECL devices were overviewed. By introducing the AC method, the ECL turn-on response time and ECL intensity were dramatically improved in comparison with conventional DC method. The turn-on response time of 4 ms was achieved at 200 Hz, which was much faster than that obtained the DC method (1.5 s). We also introduced rutile-type titanium dioxide nanoparticles (TiO 2 NPs) in a Ru(II) complex-based AC-ECL device. The properties ECL intensity and lifetimes of the ECL device with TiO 2 NPs were greatly improved compared to the ECL device without nanoparticles. Then, the photoelectrochemical properties of the Ru(II) complex were improved by combining it with DNA molecules. We fabricated a novel DNA/ Ru(bpy) 3 2+ hybrid film that immobilizes the ECL active Ru(bpy) 3 2+ onto the electrode surface through electrophoretic migration. The hybrid film contains unique micrometer-scale aggregates of Ru(bpy) 3 2+ in the DNA matrix. Surprisingly, by using the DNA/Ru(bpy) 3 2+ hybrid film for ECL device, the ECL could be obtained at frequencies as high as 10 kHz, which corresponds to a response time shorter than 100 μs. Moreover, hybridization of DNA and Ru(II) complexes shows enantioselective luminescence enhancement, which has large possibility for obtaining circular polarized emission from the ECL devices containing DNA/Ru(II) complex hybrid materials.
As we mentioned in the introduction, a combination of DNA and functional materials is useful for creating novel DNA-oriented optoelectronic materials. Moreover, electrochemical devices such as the ECL system can be easily fabricated without strict limitations on the device structure or the choice of electrodes; solutions, thick films, or gel states can be applied. Therefore, DNA-based optoelectrochemical devices will open up new fields of emitting devices, telecommunication systems, sensors, biochemical applications, and so on.
